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Abbreviations 
EDHF    endothelium-derived hyperpolarizing factor   
NO    nitric oxide  
ATP    adenosine 5’-triphosphate  
ABC    ATP-binding cassette  
ADP     adenosine 5’-triphosphate  
AMP    adenosine 5’-monophosphate  
IP3    1,4,5-inositol trisphosphate  
[Ca2+]i    intracellular Ca2+ concentration  
PLC    phospholipase C  
PLD    phospholipase D  
cAMP    cyclic adenosine monophosphate  
NOS    nitric oxide synthase  
EDRF    endothelium-derived relaxing factor  
VDCC    voltage-dependant Ca2+ channels  
MLCK    myosin light chain kinase  
KV    voltage-dependant K+ channels  
4-AP    4-amino-pyridine  
KCa    calcium-dependant K+ channels  
BKCa    big KCa  
IKCA     intermediate KCa  
SKCa     small KCa  
TEA+    tetraethylammonium  
 3
TRAM-34   1-[(2-chlorophenyl)diphenyl-methyl]-1H-pyrazole  
KIR    inward rectifier K+ channels  
KATP    K+ channels closed by intracellular ATP 
TWIK    tandem of P domains in a weak inwardly rectifying K+  
channel  
TASK    TWIK-related acid-sensitive K+ channel  
K2P channels  twin-pore domain K+ channels  
DAG    diacylglycerol  
PIP2    4,5-phosphatidylinositol bisphosphate  
STOCs   Sontaneous Transient Outward Currents  
PKA    protein kinase A  
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Introduction 
I. The cardio-vascular system 
Cardio-vascular system can be considered as a link between cells and 
respiratory, digestive and renal systems. It has multiple functions: it brings 
oxygen and nutriments to cells, takes carbon dioxide (CO2) from cells, it brings 
wastes to kidneys for elimination, it assures hormonal transport between organs, 
it participates in body temperature and pH balance and it prevents infection. The 
mammalian heart functions as a pump which propels the blood, resulting to the 
irrigation of the organism by blood via vascular system. 
 
I.1 Structure and function of blood vessels 
Blood vessels are divided in three classes: arteries, veins and capillaries. 
Both arteries and veins comprise three layers.  
a) An inner tunic called intima, which is composed by endothelial cells. 
b) The media is located between the inner and outer tunics and is separated 
from them by internal elastic membranes. The media is composed of 
smooth muscle cells and elastic fibres. 
c) The outer tunic, called adventice, which is composed of connective tissue, 
lymphatic vessels and non-myelinated nerves originating from sympathetic 
nervous system. In blood vessels of big size, the adventice has a network 
of small vessels called “vasa vasorum” which bring nutriments to the vein 
or aorta. 
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Capillaries only comprise a single layer of endothelial cells surrounding the 
lumen and are wrapped by contractile cells called pericytes.                            
 The function of the arteries is to carry the blood coming from the heart to 
the systemic or pulmonary capillaries. Arteries can be subdivided into elastic 
arteries, muscular arteries and arterioles, depending of their size and localisation.  
The function of the veins, which are capacitive blood vessels, is to carry the 
blood coming to the heart from the capillaries. As in the case of arteries, size of 
the veins varies depending of their localization. 
Changes in blood vessels diameter have a large effect on blood flow, as 
illustrated by the Poiseuille’s law: 
 
F = ΔP / R = (P2 – P1) / {8L . η / П . r4} 
 
F: flow 
P1, P2: pressure at the two extremities of the pipe 
r: radius of the pipe 
L: length of the pipe 
η: viscosity of the circulating fluid 
 
The diameter can be intrinsically regulated via myogenic responses of 
smooth muscle cells and the action of endothelial cells, which modulate smooth 
muscle cells degree of constriction with products such as endothelium-derived 
hyperpolarizing factor (EDHF), nitric oxide (NO), prostacyclin or endothelin. 
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Diameter can also be extrinsically regulated by the endocrine and nervous 
systems. A vasoconstriction is elicited by a contraction of the smooth muscles 
and leads to a diminution of the radius, an increase of the resistance inside the 
pipe and a diminution of the flow. 
A vasodilation is elicited by a relaxation of the smooth muscles and leads 
to an increase of the radius, a decrease of the resistance inside the pipe and an 
augmentation of the flow. 
 
I.2 Function of the aorta 
The aorta is the largest elastic artery and has the function of carrying the 
blood flowing from the heart to the other arteries as well as enabling the blood 
coming from the heart to flow smoothly, and not with a spasmodic way following 
the consecutive contractions and relaxations of the heart. This function can be 
accomplished because of the elasticity of the aorta which dilates when the left 
ventricle propels the blood, and returns to its original shape when the left 
ventricle is filling with blood. This function is called windkessel and enables to 
cushion the pulses of the blood flow. The aorta can then be viewed as an elastic 
tube which has very few properties of regulating blood flow and pressure by 
vasoconstriction or vasodilation. 
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II. Functions of ATP 
Intracellular adenosine 5’-triphosphate (ATP) is present in cytosol of all 
cells at a concentration of 3 to 5 mM where its degradation provides energy 
needed for cellular functions such as contraction in muscles cells. In addition to 
this function, extracellular ATP can also activate signalling pathways in almost all 
cells and tissues through activation of membrane receptors. Since this molecule 
can not cross the cell membrane, extracellular ATP comes from secretary 
granules or vesicles (Bodin and Burnstock, 2001; Coco et al., 2003), or release 
from cytosol via membrane pores (MacDonald et al., 2006). It has also been 
proposed that ATP can be released via ATP-binding cassette (ABC) transporters, 
connexin or pannexin hemichannels, plasmalemmal voltage-dependent anion 
channels or cell death (Roman et al., 1997; Schwiebert, 1999; Cotrina et al., 
2000; Novak, 2003; Okada et al., 2004; Huang et al., 2007). Burnstock was the 
first to demonstrate that ATP can also be co-released with neurotransmitters 
from nerves (Burnstock, 1978). 
However, signaling pathways activated by extracelluar ATP are not 
necessarily activated by this nucleotide per se. It has been demonstrated that 
ATP catabolism into other nucleotides such as adenosine 5’-triphosphate (ADP), 
adenosine 5’-monophosphate (AMP) or adenosine by membrane based 
ectonucleotidases can produce cellular responses (Ralevic and Burnstock, 1998; 
Novak, 2003). ATP and the other nucleotides produced by its degradation 
activate biological pathways by linking to purinergic receptors which are present 
in almost all cells and tissues. 
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II.1 Effects mediated by ATP in the cardiovascular system 
ATP affects cardio-vascular functions. It regulates blood flow by activation 
of purinergic receptors expressed in vascular smooth muscles, endothelial cells 
and cardiomyocytes. While ATP-elicited effects are vessel specifics, this 
nucleotide produces both vasoconstriction and vasodilation in blood vessels and 
can even elicit both vasoconstriction and vasodilation in the same vessel. 
Constrictors effects of ATP on vascular myocytes are mediated by ligand gated 
ion channels and G-protein-coupled receptors. Activation of these receptors 
triggers ion currents, but also phospholipase-based signal transduction 
mobilising 1,4,5-inositol trisphosphate (IP3) sensitive Ca2+ stores. 
ATP-induced vasodilation could be associated with Ca2+-dependant 
potassium channels activation. In smooth muscle cells, ATP activates these 
channels indirectly via subplasmolemmal Ca2+ concentration elevation. 
Endothelial cells could also be involved. In these cells, increase of intracellular 
Ca2+ concentration ([Ca2+]i) is linked to the release of several Ca2+-dependant 
vasorelaxant agents, including prostacyclin and nitric oxide. This [Ca2+]i increase 
could be linked to phospholipase C (PLC) and phospholipase D (PLD) activation 
via ATP receptors stimulation. 
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III. Purinergic receptors 
Two families of purinergic receptors have been established based on 
pharmacological and biophysics properties: 
a) P1 receptors recognize specifically adenosine and are G-protein-coupled 
receptors. They have been further subdivided, according to convergent 
molecular, biochemical and pharmacological evidences, into four sub-
types: A1, A2A, A2B and A3. 
b) P2 receptors can link a wide range of agonists, including ATP, ADP, UTP, 
dATP and ATP-γ-s. They have been further subdivided, according to 
convergent molecular, biochemical and pharmacological evidences, into 
ligand gated ion channels (P2X receptors) and G-protein-coupled 
receptors (P2Y receptors). To date, seven mammalian P2X receptors 
(P2X1-P2X7) and eight mammalian P2Y receptors (P2Y1, P2Y2, P2Y4, 
P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) have been cloned, characterized and 
accepted as valid members of the P2 receptor family. 
 
III.1 P1 receptors structure and function in the cardio-vascular system 
All adenosine receptors are G-protein-coupled receptors. Their tertiary 
structure is common to the other G-protein-coupled receptors one: seven 
transmembrane domains of hydrophobic amino acids, each believe to constitute 
a α-helix of approximately 21 to 28 amino acids. The N-terminal and C-terminal 
of the receptor are located on the extracellular and cytoplasmic side of the 
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membrane respectively. Agonists bind on the upper half of a site formed by the 
three-dimensional arrangement of the α-helical transmembrane domains. 
The transmembrane regions are generally highly conserved and are 
connected by three extracellular and three cytosolic loops of unequal size. 
Residues within the transmembrane domains are crucial for ligand binding and 
specificity, and a number of amino acid residues within the binding pocket also 
contribute to agonist and antagonist specificity. 
 
 
 
Figure A. Structure of the adenosine receptor. Numbers correspond to the 
transmembrane domains. 
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P1 receptors mediate several effects in the cardio-vascular system. 
Activation of adenosine receptors located in sinoatrial and atrioventricular nodes 
cause bradycardia and heart block, respectively. Also, it has been documented 
that adenosine elicits a decrease in atrial contractility and action potential 
duration (Olsson and Pearson, 1990) and this property found clinical applications 
where adenosine is used to treat supraventricular tachycardia and 
bradyarrhythmia. 
Adenosine receptors could also regulate blood vessels tone via 
prejunctional inhibition of neurotransmitter release (Rubinho et al., 1993; 
Gonçalvez and Queiroz, 1996). They also play a role in the relaxation of porcine 
coronary artery (Merkel et al., 1992) and contraction of guinea-pig aorta (Stogall 
and Shaw, 1990) and pulmonary artery (Szentmiklósi et al., 1995). 
 
III.2 P2X receptors structure and function in the cardio-vascular system 
Cloning of a complementary DNA encoding the P2X receptor was first 
realised from rat vas deferens (Valera et al., 1994). P2X receptors are ligand-
gated nonselective cation channels with intracellular N-terminal and C-terminal 
which possess consensus binding motifs for protein kinases. They also have two 
transmembrane domains, the first involved with channel gating and the second 
lining the ion pore. It is possible that the ATP-binding site may involve regions of 
a large extracellular loop, with 10 conserved cysteine residues forming a series 
of disulfide bridges. It is also possible that hydrophobic regions close to the pore 
are implied in channel modulations by cations (magnesium, calcium, zinc, 
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copper, and proton ions). The P2X1–7 receptors show 30–50% sequence 
identity at the peptide level and have many pharmacological and operational 
differences. For example, Ca2+ permeability is high for some P2X receptors, 
while others have high Cl- permeability. 
 
 
 
Figure B. Putative structure of the P2X family receptor. Numbers 
correspond to the transmembrane domains. 
 
P2X receptors on smooth muscles are mediators of excitatory junction 
potentials, depolarization and constriction (Burnstock, 1990). Post-junctional 
response of vas deferens and most blood vessels to sympathetic nerves 
stimulation is a rapid excitatory junction potential. It is believed that longer 
periods of stimulation result in summation of rapid excitatory junction potentials, 
opening voltage-dependant Ca2+ located in smooth muscles by membrane 
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depolarization. The following Ca2+ entry then induce contraction of the smooth 
muscles. 
It is also possible that cation channels activated by ATP in human platelets 
might be P2X receptors (MacKenzie et al., 1996). These currents might be 
caused by autocrine activation following endogenous ATP release from platelets. 
 
III.3 P2Y receptors structure and function in the cardio-vascular system 
P2Y receptors are 308 to 377 amino acid proteins with a mass of 41 to 53 
kDa after glycosylation. Tertiary structure of P2Y receptors is common to the 
other G-protein-coupled receptors one, as described previously. Positively 
charged amino acid residues in transmembrane regions 3, 6 and 7 might be 
involved in ligand binding by interactions with the phosphates of ATP, according 
to a P2Y receptor model based on primary sequence of P2Y1 receptor and using 
the structural homolog rhodopsin as a G-protein-coupled receptor template (Van 
Rhee et al., 1995).  
P2Y receptors show significant differences of sequence homology at the 
peptide level (19–55% identical) and also differ in their pharmacological and 
operational profiles. Some P2Y receptors are activated principally by nucleoside 
diphosphates, while others are activated mainly by nucleoside triphosphates. In 
addition, some P2Y receptors are activated by both purine and pyrimidine 
nucleotides, others are activated only by purine nucleotides (Ralevic and 
Burnstock, 1998). Finally, P2Y receptors bind several sub-types of G protein 
(Ralevic and Burnstock, 1998).  
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P2Y receptors are located on endothelial and vascular cells. A single cell 
can express several sub-types of P2Y receptors. When stimulated, P2Y 
receptors either activate PLC and release intracellular calcium, or affect adenylyl 
cyclase and alter cyclic adenosine monophosphate (cAMP) levels. These 
signalling pathways can regulate vascular tone, like in endothelial cells where 
Ca2+-dependant activation of endothelial nitric oxide synthase (NOS) and 
generation of endothelium-derived relaxing factor (EDRF) and EDHF mediate 
vasodilation (Qasabian et al., 1997; Simonsen et al., 1997; Rump et al., 1998; 
Kwon, 2001; Konduri et al., 2004). P2Y receptors stimulation also activates 
endothelial prostacyclin production, but this effect seems to have a minimal 
vasodilator role under physiological conditions. ADP and ATP are released 
locally from endothelial cells during stress and hypoxia and also from platelets 
during aggregation, suggesting a possible role of P2Y receptors in vascular tone 
regulation under both normal conditions and thrombosis. 
 
In contrast, the mechanisms underlying endothelium-independent 
relaxation by P2Y receptors activation are not well understood. Several articles 
suggested that P2Y-like receptors expressed in vascular myocytes of several 
blood vessels might mediate vasodilation. This could be explained by regulation 
of K+ channels located in the smooth muscle cells membrane via P2Y-like 
receptors stimulation. Indeed, prolonged activation of K+ current prolonged 
endothelium-independent vasodilation in isolated rat mesenteric bed. 
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IV. The role of K+ channels in vascular smooth muscle cells 
 Vascular tone is regulated by several factors, particularly membrane 
potential. Indeed, the membrane potential controls the gating of voltage-
dependant Ca2+ channels (VDCC). A depolarization of a smooth muscle cell 
opens the VDCC, leading to an influx of Ca2+ in the cell. This influx will increase 
[Ca2+]i, eliciting a contraction of the smooth muscle cell. At the opposite, a 
hyperpolarization caused by K+ channels opening will decrease [Ca2+]i, inducing 
a relaxation. 
The contraction of smooth muscle cells needs sliding of actin filaments, 
which are dragged by myosin. Myosin needs the hydrolysis of ATP to function, as 
well as being phosphorylated by the myosin light chain kinase (MLCK). However, 
the MLCK has to be activated by a molecule called calmodulin. Since 
calmoduline needs Ca2+ to bind MLCK, rise of [Ca2+]i is essential to allow the 
chain of reactions for contraction to occur. This increase in [Ca2+]i comes from 
Ca2+ ions which enters into the smooth muscle cell VDCC activated when the 
membrane of the smooth muscle cell is depolarized, as stated previously.  
It must be noted that rise of [Ca2+]i can also be produced by release of 
Ca2+ stored in the sarcoplasmic reticulum via production of IP3 by PLC. ATP-
dependant pumps can restore Ca2+ back into the sarcoplasmic reticulum, which 
allows the relaxation of the smooth muscle cell. 
Relaxation of a smooth muscle cell occurs when the cell membrane is 
repolarized by K+ channels opening, which closes VDCC, and also when [Ca2+]i 
returns to basal level because of ATP-dependant Ca2+ pumps and Na+-Ca2+ 
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exchanger which remove Ca2+ from the cell to the extracellular environment. 
Thus, K+ channels are a crucial part of the complex modulation of vascular tone, 
hence the interest in studying the different K+ channels in vascular myocytes. 
So far, several types of K+ channels have been characterized in smooth 
muscle cells. 
 
IV.1 KV channels 
 All types of investigated vascular myocytes express at least one type of K+ 
current carried by voltage-dependant K+ channels (KV), which are activated by 
cell membrane depolarization (Yuan et al., 1993; Le Blanc et al., 1994). KV 
channels are classified according to their voltage dependence and 
pharmacological properties. Two classes have been identified and named 
“delayed rectifiers” and “transient outward”. 
Many types of KV are expressed in vascular myocytes. They differ in 
several characteristics: voltage-dependence, activation and inactivation kinetic, 
differences on inhibitors sensitivity and variability conductance. For exemple, 4-
amino-pyridine (4-AP), a known KV blocker, has been shown in some studies to 
inhibit only a part of voltage-dependant K+ channels in human mesenteric arteries 
and rat coronary arteries (Smirnov et al., 1992; Robertson and Nelson, 1994).   
KV channels are implied in the repolarisation following action potential in 
excitable smooth muscle such as in the portal vein and they might play a role in 
vascular tone regulation, since it has been demonstrated that their inhibition by 4-
AP depolarizes and constricts cerebral arteries (Robertson and Nelson, 1994). 
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IV.2 KCa channels 
 Calcium-dependant K+ channels (KCa) are activated by intracellular Ca2+ 
increase. The KCa channels are classified according to their conductance. “Big” 
KCa (BKCa) channels have a conductance of about 180 pS (Nelson and Quayle, 
1995; Bychkov et al., 2002; Thorneloe and Nelson, 2005) and are present in 
every type of smooth muscle cells. They are also activated by membrane 
depolarization. Two other types of KCA have been identified: “Intermediate” KCa 
(IKCA), which have a conductance of 12-80 pS, and “small” KCa (SKCa), which 
have a conductance of 4-10 pS. Both IKCa and SKCa have first been described in 
endothelial cells before having been identified in smooth muscles. Several 
inhibitors of KCa channels are known, such as tetraethylammonium (TEA+), which 
is a non-selective K+ channels blocker, charybdotoxin (which blocks BKCa and 
IKCa) , iberiotoxin (BKCa channels blocker), apamin (SKCa channels blocker) and 
1-[(2-chlorophenyl)diphenyl-methyl]-1H-pyrazole (TRAM-34) which blocks IKCa.  
The physiological role of KCa channels was suggested to be a negative feedback 
against constriction of the smooth muscle cells, produced by an increase of 
[Ca2+]i. When [Ca2+]i reaches a threshold, activation of KCa channels will 
repolarize the cell membrane, thus leading to a relaxation of the smooth muscles 
through the closure of VDCC. 
 
IV.3 KIR channels 
 Inward rectifier K+ channels (KIR) are present in a variety of excitable and 
non excitable cells, including some smooth muscle cells (Bonev et al., 1994). The 
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name of this channel comes from the observation that amplitude of inward 
current through KIR is larger than the amplitude of outward currents, and that 
outward current amplitude do not increase with the increase of the voltage. KIR 
channels are activated by membrane hyperpolarisation and KIR current has been 
identified in cerebral and mesenteric arterioles, as well as in coronary and 
cerebral arteries (Quayle et al., 1993; Robertson et al., 1996). KIR channels are 
inhibited by extracellular Ba2+ (Quayle et al., 1993). It must be noted that 
inhibition of KIR channels by Ba2+ is voltage dependant and greater at negative 
membrane potential values.  
The physiological role of KIR channels is to modulate vascular resistance 
by inducing vasodilations, and to regulate smooth muscle cells membrane 
potential (Nelson and Quayle, 1995). 
 
IV.4 KATP channels 
 These K+ channels are closed by intracellular ATP and have been 
identified in smooth muscle cells (Beech et al., 1993). KATP channels are 
modulated by cellular metabolic state, since an increase of the [ATP] / [ADP] 
ration inhibits them. In fact, it has been shown that nucleotides directly modulate 
KATP channels activity. For example, ATP inhibits single KATP channels in portal 
vein (Kajioka et al., 1991) as well as whole cell KATP currents in pulmonary artery 
myocytes (Clapp and Gurney, 1992). On the other hand, ADP and other 
nucleotide diphosphates can activate KATP channels in portal vein (Kajioka et al., 
1991; Beech et al., 1993). KATP channels in arterial smooth muscle cells were 
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reported to be voltage-independant (Nelson and Quayle, 1995; Bychkov et al., 
1997). 
KATP channels in smooth muscles can be inhibited by glibenclamide, 
tolbutamide and external Ba2+ (Ashcroft and Aschcroft, 1990; Clapp and Gurney, 
1992; Beech et al., 1993; Brayden, 2002). The block by Ba2+ is voltage-
dependant. These channels are not inhibited by KCa channels blockers such as 
charybdotoxin and iberiotoxin and are relatively insensitive to external TEA+ 
(Nelson, 1993; Nelson et al., 1990). 
KATP channels are important from a clinical point of view since a number of 
hypertensive drugs activate them. For example, two of these drugs, cromakalim 
and pinacidil activate KATP channels in rabbit pulmonary artery vascular smooth 
muscles (Brayden, 2002). This leads to a vasodilation which can be inhibited by 
glibenclamide, but not KCa blockers. 
KATP have several physiological functions. They couple cellular metabolism 
and membrane potential value, are implied in the regulation of vascular tone and 
regulate blood flow in conditions of increased blood demand, such as hypoxia. 
 
IV.5 TASK channels 
Tandem of P domains in a weak inwardly rectifying K+ channel (TWIK)- 
related acid-sensitive K+ channel (TASK) are a family member of the twin-pore 
domain K+ channels (K2P channels). They were first identified in neurons and 
are structurally different from others K+ channels. Each family of the K2P 
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channels has its own electrophysiological and pharmacological properties and is 
designated by an acronym (Patel and Honoré, 2001).  
K2P channels are insensitive to most classical K+ channel blockers (Patel 
and Honoré, 2001). However, TASK channels can be inhibited by low pH (Patel 
and Honoré, 2001). 
It has been suggested that TASK channels could be present in the 
pulmonary vascular smooth muscle cells, mesenteric arteries, cerebral arteries, 
human placental vasculature and rat aorta (Gurney et al., 2002; Gurney et al., 
2003; Gardener et al., 2004; Bryan et al., 2006; Gonczi et al., 2006; Kiyoshi et 
al., 2006; Olschewski et al., 2006; Wareing et al., 2006). The physiological role of 
TASK channels is to modulate resting membrane potential. They are generally 
considered to be responsible for a leak K+ current. It means that TASK channels 
are continuously open. 
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V. Aim of the study 
 Since K+ channels modulate membrane potential, therefore the gating of 
VDCC, they control [Ca2+]i. This plays an important role in the regulation of 
vascular smooth muscle cells degree of contraction, as stated previously, and 
thus, in the variation of blood vessels diameter. Since blood vessel diameter has 
an impact on blood flow and pressure, studies on K+ channels are important not 
only for better understandings of vascular-related diseases, but also to improve 
knowledge on the cellular mechanisms underlying regulation of vascular tone.  
 
 It is established that ATP can be released as a neurotransmitter by 
purinergic nerves, or co-released with other neurotransmitters. It has also been 
demonstrated that this molecule and products of its enzymatic degradation 
stimulate various responses in almost all cells and tissues by linking to purinergic 
receptors.  
Several types of purinergic receptors are expressed in vascular myocytes. 
ATP was shown to regulate blood vessel tone and related physiological 
functions. Thereby, to examine cellular mechanisms involved into ATP-elicited 
responses, series of experiments were conducted in order to investigate the 
effects of ATP on freshly dissociated smooth muscle cells from mouse thoracic 
aorta.  
The results of these experiments showed that ATP elicited 3 sequential 
responses. The first resulted from the activation of the ionotropic P2X receptors. 
It induced fast transient inward cationic currents. The second corresponded to 
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the activation of Ca2+-dependant currents. It manifested as burst of inward Cl- 
currents and outward K+ current (Fanchaouy et al., 2005). The third identified 
phase was a delayed non-activating outward current which developed slowly. 
This current was described by Karima Serir in her thesis (Serir, 2005). However, 
the mechanisms of its activation, its possible physiological role and the 
identification of the channels that carry it needed to be clarified. 
 
Thereby, the aim of this study was to characterize this ATP-elicited 
current.    
 
 
 
Figure C. Illustration of a recording of the 3 sequential ATP-elicited responses in 
freshly dissociated mouse thoracic aorta myocytes. 
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Results 
VI. A delayed ATP-elicited K+ current in freshly isolated smooth 
muscle cells from mouse aorta 
 
VI.1 Introduction 
ATP is involved in the regulation of vascular tone. ATP-elicited responses 
are not uniform but multi-phasic and include both vasoconstriction and 
vasodilation, as reported in several papers (Ralevic and Burnstock, 1998). It is 
generally assumed that ATP-elicited vasoconstrictions depend of purinergic 
receptors stimulation in smooth muscle cells and that ATP-elicited vasodilations 
are mediated by purinergic receptors stimulation in endothelial cells (Takeuchi et 
al., 2003; Wihlborg et al., 2003). Mechanisms underlying endothelium-
independent relaxations mediated by ATP are not well understood. Nevertheless, 
P2Y-like receptors expressed on vascular myocytes were suggested to mediate 
vasodilation in various denuded vascular beds (Qasabian et al., 1997; Simonsen 
et al., 1997; Liu et al., 2004).  
 
The different families of K+-channels present in the membrane of vascular 
myocytes could be implied. Several papers indicated that multiple transduction 
pathways converge on K+-channels and regulate their open probability, resulting 
in modulation of the vascular tone (Bakhramov et al., 1996; Kamouchi et al., 
1998). Ralevic also suggested that prolonged activation of K+ currents maintains 
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endothelium-independent vasodilation in rat mesenteric bed (Ralevic, 2001; 
2002). ATP-elicited effects on vascular tone could result from cross-activation of 
various types of purinergic receptors either by ATP or via the products of ATP 
degradation by ectonucleotidases. 
 
In this context, we investigated the effect of extracellular ATP on freshly 
isolated smooth muscle cells from mouse thoracic aorta.  
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A delayed ATP-elicited K+ current in freshly isolated smooth 
muscle cells from mouse aorta. 
 
Karima Serir, Sebastien Hayoz, Mohammed Fanchaouy, Jean-Louis Bény 
and Rostislav Bychkov 
 
Published in British Journal of Pharmacology (2006) 147, 45–54. 
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VI.II Summary 
In this present publication, the first and second ATP-elicited sequential 
responses were grouped. Thereby, in this paper, what is called the first phase 
comprises the transient inward current resulting from P2X receptors activation, 
followed by the burst of Ca2+-dependant currents. In addition, after about 15 
minutes in the presence of ATP, we observed an original outward current which 
constituted, in the present publication, the second phase. We called this second 
phase the delayed non-inactivating outward current. This current was never 
described previously.  
 
The delayed outward current might be activated by ATP in only a fraction 
of isolated myocytes, since smooth muscle cells isolated from the same vessel 
differ in electrophysiological properties. Indeed, we recorded two different types 
of freshly isolated mouse thoracic aorta myocytes under control conditions. 
These two types differed by the shape of their current voltage relation curves. 
ATP elicited the delayed outward current in the two types of cells. 
 
The delayed outward current had a reversal potential closed to theoretical 
reversal potential of K+ currents. Modification of extracellular K+ concentration 
induced a shift of the reversal potential indicating that K+ was the major ion 
carrier of the delayed outward current. However, separate applications of several 
known K+ channels blockers did not inhibit the delayed outward current. 
Simultaneous recordings of intracellular free Ca2+ and membrane currents 
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showed that delayed K+ current activation corresponded to return of intracellular 
free Ca2+ to basal level, and that this current did not develop during the increase 
of intracellular free Ca2+ after ATP application. 
 
The delay of the Ca2+-independent K+ current activation could be 
explained by degradation of ATP to adenosine by ectonucleotidases, followed by 
activation of P1 purinergic receptors. However, adenosine did not elicit the 
delayed K+ current even after more than 30 minutes of recording. In addition, 
cumulative to adenosine ATP application activated the delayed K+ current. 
 
We then investigated the role of G-protein in the delayed ATP-elicited K+ 
current activation by studying the effect of ATP on aortic myocytes dialyzed with 
G-protein inhibitor GDPβs. Kinetic of delayed ATP-elicited K+ current changed 
from sustained to transient but its amplitude did not return to control level. 
However, pre-treatment of mouse aorta myocytes with PLC inhibitor U73122 
inhibited the delayed ATP-elicited K+ current, indicating that action of PLC is 
required for the activation of this current. 
 
We conclude that ATP, in addition to fast responses well characterized in 
the litterature, elicited a never described slowly developping K+ current triggered 
by PLC activation. 
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VII. Intracellular cAMP: the "switch" that triggers on 
"spontaneous transient outward currents" generation in freshly 
isolated myocytes from thoracic aorta 
 
VII.1 Introduction 
When stimulated, P2Y receptors can, depending of their subtypes, 
activate either PLC or, in the case of P2Y11 subtype, adenylyl cyclase. 
Phospholipase C activation produces both second messagers IP3 and 
diacylglycerol (DAG) from membrane 4,5-phosphatidylinositol bisphosphate 
(PIP2). Adenylyl cyclase activation produces second messager cAMP from 
intracellular ATP.  
 
We already suggested that PLC stimulation via P2Y receptors stimulation 
by ATP is implied in the activation of the delayed ATP-elicited K+ current. 
However, adenylyl cyclase stimulation and following cAMP production might also 
play a role in the delayed ATP-elicited K+ current activation. To test this 
hypothesis, we investigated the effect of adenylyl cyclase activator forskolin and 
membrane-permeable cAMP analogue 8BrcAMP on freshly isolated mouse 
thoracic aorta myocytes. While neither activated the delayed ATP-elicited K+ 
current, both drugs could produce Sontaneous Transient Outward Currents 
(STOCs), suggesting a regulation of BKCa.  
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BKCa are expressed to different degrees in blood vessels myocytes 
(Archer et al., 1996; Gollasch et al., 1996). They hyperpolarize cellular 
membrane, thus participating in relaxation of smooth muscles (Ledoux et al., 
2006). Localized cellular events known as Ca2+ “sparks” activate BKCa (Nelson et 
al., 1995), producing the transient outward K+ currents known as STOCs. So, 
BKCa play a very important role in blood vessels since modulation of Ca2+ sparks 
and STOCs can induce vasodilations which negatively oppose vasoconstrictions 
induced by various conditions such as stretch. Interestingly, STOCs were not 
reported before in thoracic aorta myocytes. Therefore, we decided to better 
characterize STOCs recorded in freshly dissociate mouse thoracic aorta smooth 
muscle cells, and to investigate how cAMP could regulate them. 
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VII.II Summary 
Recorded myocytes were divided into two populations, named “silent” and 
“active” myocytes. Silent myocytes did not generate STOCs and represented 
91.3 % of investigated smooth muscle cells. Active myocytes did generate 
STOCs and represented 8.7 % of recorded smooth muscle cells. Both 
populations had the same current-voltage relations and had net cellular current 
sensitive to K+-channels blockers charybdotoxin, TEA and 4-AP. No STOCs were 
recorded in myocytes dialyzed with EGTA. 
 
Active and silent myocytes could have different expression of BKCa. To 
test this hypothesis, Ca2+ ionophore ionomycin were added to bath solution to 
activate all BKCa. Ionomycin increased net current in both silent and active 
myocytes but inhibited STOCs present in active myocytes, which could be 
explained by the fact that global intracellular Ca2+ rise masks or inhibits local Ca2+ 
events. Outward net current after addition of ionomycin were inhibited by 
iberiotoxin in both active and silent myocytes and showed that both populations 
of smooth muscle cells expressed similar quantity of BKCa channels. 
 
STOCs in active myocytes were characterized by being regrouped in data 
sets for each imposed voltage. Data analysis enabled to conclude that STOCs 
recorded in mouse thoracic myocytes had amplitude which correlated to duration 
as exponential function and that they did not differ from STOCs recorded in other 
vascular beds; they were randomly generated with varying amplitude and 
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duration, and STOCs with high amplitude could be represented as the simple 
sum of elementary STOCs. 
 
STOCs were then pharmacologically characterized. BKCa and IKCa 
channels blocker charybdotoxin as well as BKCa channels blocker iberiotoxin 
inhibited STOCs. Caffeine was used to deplete intracellular Ca2+ stores of the 
aortic myocytes and produced a transient outward current followed by temporary 
STOCs inhibition. Wash-out of caffeine enabled STOCs recovery. STOCs 
generation was completely blocked by Ca2+ spark inhibitor ryanodine, as well as 
by BAPTA-AM, a membrane-permeable Ca2+ chelator. 
 
Since cAMP is produced by adenylyl cyclase, it is possible that stimulation 
of this enzyme in silent myocytes could elicit STOCs generation. It is also 
possible that adenylyl cyclase stimulation in active myocytes could have an 
impact on STOCs. To test these hypotheses, we investigated the effect of 
adenylyl cyclase activator forskolin on active and silent myocytes. 
 
Forskolin increased STOCs frequency in active myocytes and elicited 
three different responses in silent myocytes: the activation of an outward current 
that was partially inhibited by charybdotoxin, activation of a leak inward current 
and activation of STOCs. Forskolin-elicited STOCs were iberiotoxin sensitive and 
their frequency and amplitude both increased over time. For the purpose of 
analysis, forskolin-elicited STOCs were grouped in three data sets corresponding 
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to three time laps: at the beginning, in the middle and at the end of the recording, 
where forskolin-elicited STOCs reached maximum amplitude. 
 
Generation of STOCs in silent myocytes by forskolin could be elicited by 
the increase of cAMP production caused by adenylyl cyclase stimulation. To test 
this hypothesis, we investigated the effect of 8BrcAMP, a membrane-permeable 
cAMP analogue, on silent myocytes. 8BrcAMP had three different effects: the 
activation of an outward current that was partially inhibited by charybdotoxin, 
activation of the leak inward current or STOCs activation. As in the study of 
forskolin-elicited effects, STOCs elicited by 8BrcAMP were grouped in three data 
sets corresponding to three time laps: at the beginning, in the middle and at the 
end of the recording, where forskolin-elicited STOCs reached maximum 
amplitude. 
 
The generation of STOCs by forskolin or 8BrcAMP in silent myocytes 
could be linked to protein kinase A (PKA) activation by cAMP. To test this 
hypothesis, we investigated the effect of 8BrcAMP on myocytes pretreated for 
one hour with PKA inhibitor PKI 14–22 amide. 8BrcAMP did not activate STOCs 
in myocytes pretreated with PKI 14–22 amide. 
The amplitude of STOCs elicited by forskolin and 8BrcAMP in silent 
myocytes gradually increased with time. This could be explained by an elevation 
of the open state probability of BKCa channels caused by PKA phosphorylation of 
the channel. To test this hypothesis, we investigated the effect of 8BrcAMP on 
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BKCa channels, recorded from myocytes in whole-cell configuration with the 
perforated-patch technique. Cells were pretreated with membrane-permeable 
Ca2+ chelator BAPTA-AM to buffer intracellular Ca2+ changes. 8BrcAMP 
increased single BKCa channels activity, measured as NPo, but did not increased 
single current amplitude. The increased BKCa activity was not related to a 
putative intracellular Ca2+ concentration elevation since intracellular Ca2+ was 
buffered by BAPTA-AM and no 8BrcAMP-elicited STOCs were recorded. 
We conclude that cAMP can activate cellular machinery responsible for 
STOCs generation in mouse thoracic aorta myocytes.  
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VII.III Effect of ATP on STOCs modulation 
Since P2Y receptors are coupled to PLC and adenylyl cyclase, their 
stimulation could modulate STOCs. To test this hypothesis, we investigated the 
effect of ATP in silent myocytes. ATP (250 μM) activated STOCs in only 9.3 % of 
silent myocytes. However, in 90.7 % of silent myocytes, ATP elicited Ca2+-
dependant Cl- and K+ currents described previously (Fanchaouy et al., 2005). 
These results can be explained by the fact that among all P2Y receptors which 
could be stimulated by ATP, P2Y11 is the only receptor coupled to adenylyl 
cyclase in addition to PLC, the others being coupled to PLC only. Thereby 
stronger stimulation by ATP of P2Y receptors coupled to PLC would favour 
stimulation of short burst of current spikes.  
 
 
 
Figure D. ATP application elicits STOCs generation in silent freshly dissociated 
myocytes from mouse thoracic aorta. 
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VIII. Purinergic activation of a blocker insensitive delayed K+ 
current in freshly dissociated myocytes from mouse thoracic 
aorta 
 
VIII.1 Introduction 
Amongst K+ channels, one family, named twin-pore domain channels 
(K2P) is believed to play an important part in the resting membrane potential 
regulation in neurons. Few studies suggested K2P channels to be present in the 
vascular system. They have been divided into families based on their 
electrophysiological and pharmacological properties. These families are 
designated by acronyms such as TWIK (Tandem of P domains in Weak Inward 
rectifier K+ channel) and TASK (TWIK related Acid-Sensitive K+ channel). 
 
Studies about these K+ channels are made difficult because they produce 
a leak current with a modest amplitude and also because there is currently no 
inhibitors for them. Indeed, twin-pore domain channels are not inhibited by known 
K+ channels blockers. Interestingly, the TASK family of K2P channels was 
reported to be inhibited by acidic pH. Thereby, we hypothesized that the delayed 
ATP-elicited K+ current might be carried by TASK channels, since we showed 
that this current was insensitive to K+ channel blockers application (Serir et al., 
2005). ATP could stimulate simultaneously several types of K+ currents by cross-
activation of several types of P2Y receptors. Therefore, delayed ATP-elicited 
current could consist of multiple K+ conductances. Application of K+ channel 
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“blockers cocktail” in this case could decrease amplitude of the delayed ATP-
elicited K+ current stronger than separate applications of individual blockers. The 
possibility that delayed K+ current could develop spontaneously without 
purinergic receptors agonist application could not be excluded. In addition, the 
effect of the delayed K+ current on the whole mouse thoracic aorta tissue needed 
to be investigated since neither ATP nor ATP-γ-s elicited a relaxation on 
endothelium denuded mouse thoracic aorta rings.  
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VIII.II Summary 
In order to evaluate the putative P2Y receptors responsible for the delayed 
K+ current activation in freshly dissociated mouse thoracic aorta myocytes, we 
tested the effect of several purinergic receptors agonists. ADP did not elicit 
delayed K+ current. However, ATP-γ-s, UTP and dATP all elicited a delayed K+ 
current with a reversal potential similar to the one of ATP-elicited K+ current. 
 
None of the “classical” K+ channel blockers abolished the delayed K+ 
current. However, taken individually, each blocker inhibited slightly the delayed 
K+ current. Therefore, it could be possible that addition of these small inhibitions 
abolished this current. Thus, we investigated the effect of a “cocktail” of K+ 
channel blockers containing charybdotoxin, TEA, 4AP, glibenclamide and apamin 
on each agonist-elicited delayed K+ current. These currents were only partially 
inhibited by “blockers cocktail” and cells treated with ATP-γ-s were separated into 
two groups, based on the delayed K+ current sensitivity to “blockers cocktail”. 
Nevertheless, these data showed that delayed K+ current can be stimulated by 
several purinergic receptors agonists and that a fraction of this current is carried 
by “blockers cocktail” insensitive K+ channels. 
 
“Blockers cocktail” insensitive K+ current could develop spontaneously 
over time. To test this hypothesis, we recorded myocytes for 40 minutes without 
agonist application. K+ currents increased spontaneously over time but there was 
no activation of the delayed K+ current. The spontaneous current had statistically 
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lower amplitude compared to the ATP-elicited K+ current. “Blockers cocktail” only 
partially inhibited the spontaneous current. However, “blockers cocktail” 
insensitive spontaneous current had statistically lower amplitude compared to the 
“blockers cocktail” insensitive ATP-elicited K+ current. 
 
To determine if TASK channels could carry the “blockers cocktail” 
insensitive K+ current, we investigated the effect of extracellular pH acidification 
on it. “Blockers cocktail” insensitive ATP-elicited K+ current was inhibited by an 
extracellular solution with a pH value of 6.5 and its amplitude decreased even 
more when an extracellular solution with a pH value of 5 was used. 
 
Finally, we managed to reveal a relaxation induced by the “blockers 
cocktail” insensitive K+ current on endothelium-denuded mouse thoracic aorta 
rings treated with non-specific gap junctions inhibitor carbenoxolone.  
 
In order to study only the effect of “blockers cocktail” insensitive K+ current 
on the level of isometric force developed by the rings, we first applied “blockers 
cocktail” in the extracellular solution. “Blockers cocktail” application increased 
isometric force ant its value was taken as the control level. Then, three series of 
experiment were conducted. 
 
In the first series of experiments, carbenoxolone application decreased 
isometric force or had no effect. Consecutive application of ATP-y-s further 
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decreased isometric force to a value inferior to control level. Lowering 
extracellular pH from 7.4 to 6.5 increased isometric force. 
 
In the second serie of experiments, ATP-y-s application increased 
isometric force. Consecutive application of carbenoxolone decreased isometric 
force to a value inferior to control level. Lowering extracellular pH from 7.4 to 6.5 
increased isometric force. In the third series of experiments, carbenoxolone 
application decreased isometric force to a value inferior to control level. However, 
the relaxation induced by carbenoxolone never reached the same level as the 
relaxation induced by ATP-γ-s, even when mechanical activity of aortic rings was 
recorded for three hours. Although in non-physiological conditions, these results 
revealed a manifestation of “blockers cocktail” insensitive K+ current in tissue. 
 
We conclude that delayed “blockers cocktail” insensitive K+ current is likely 
carried by TASK channels and that these channels can be stimulated by 
purinergic receptors activation. 
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K+ channels family identified as “twin-pore potassium channels” (K2P) 
were suggested to function as leak K+ efflux that regulates membrane potential 
complementary to Ca2+, ATP and voltage dependent K+ channels. However, 
twin-pore channels functions and mechanisms regulating their activity are still 
largely undetermined in vascular beds. Patch-clamp technique was used to 
record an ATP-elicited delayed K+ current in freshly dissociated myocytes. This 
current was not inhibited by a “cocktail” of K+ channels blockers (4-AP, TEA, 
apamin, charybdotoxin and glibenclamide). Purinergic agonists including dATP, 
but not ADP, activated delayed K+-current indicating that likely P2Y11 receptor 
activates delayed K+ current. Amplitude of ATP-elicited blockers resistive K+ 
current decreased after the drop of extracellular pH from 7.4 to 6.5 and from 7.4 
to 5 suggesting that this current has TASK channel properties. ATP-γ-s, an 
analogue of ATP resistive to extracellular ectonucleotidases, produced a 
relaxation in endothelium-denuded mouse thoracic aorta rings precontracted by 
the “cocktail” of K+ channels blockers and pre-treated by gap junctions blocker 
carbenoxolone. ATP-γ-s stimulated relaxation was inhibited by low pH. Our 
results showed that “blockers cocktail” insensitive delayed K+ current activated by 
purines via P2Y receptors in freshly dissociated aortic myocytes is likely carried 
by TASK sub-family of twin-pore channels.  
 
 
ATP; purinergic receptors; vasodilation; twin-pore channels. 
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Basal K+ channels activity is one of the key regulators of vascular tone. 
Simultaneous activity of three types of K+ channels in vascular beds regulated by 
intracellular messengers like Ca2+ (KCa), ATP (KATP) or by membrane potential 
(KV) determines degree of resting membrane potential (23). 
One more type of K+ channel named leak K+ channels was suggested to 
modulate resting membrane potential. This type of channels is supposed to be 
present as residual K+-conductance that remains after the inhibition of KCa, KATP 
and KDr channels activity. Primarily identified in neurons, this type of K+ channels 
is now under intensive focus of interests. These K+ channels have protein 
structure different from others and were named twin-pore domain K+ channels 
(K2P channels). Twin-pore channels are divided into families according to 
their electrophysiological and pharmacological properties and designated by 
acronyms such as TWIK (Tandem of P domains in Weak Inward rectifier K+ 
channel) and TASK (TWIK related Acid-Sensitive K+ channel) (25). Interestingly, 
twin-pore domain subunits encode background K+ channels which are insensitive 
to most classical K+ channel blockers (4, 19, 20, 25) including 
tetraethylammonium (TEA) and 4-aminopyridine (4-AP) (5, 11, 21, 25). 
TASK currents in vascular tissues were hypothesized in pulmonary 
vascular smooth muscle cells, mesenteric arteries, cerebral arteries, human 
placental vasculature and rat aorta (3, 7, 10, 13, 14, 17, 24, 31). Nevertheless, 
there is currently no report demonstrating agonist stimulated twin-pore currents in 
vascular myocytes. The number of studies concerning background twin-pore K+ 
channels currents in vascular myocytes is limited. This is a result of their 
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leak characteristics, the modest amplitude of these currents, in addition to the 
lack of specific inhibition.  
The sympathetic nerves release cotransmitters in addition to 
norepinephrine (16). They are the peptide neuropeptide Y and the purine ATP. 
We already showed that application of exogenous ATP to acutely dispersed 
smooth muscle cells from mouse thoracic aorta elicited a delayed K+ current that 
developed slowly (29). This current is carried by K+ channels. However, separate 
applications of known K+ channels blockers did not inhibit it.  
In this study, we tested  whether delayed ATP-elicited K+ current could be 
insensitive to a “cocktail” of K+ channels blockers since purinergic receptors 
might activate several types of K+ currents. A fraction of delayed ATP-elicited K+ 
current was insensitive to the “blockers cocktail”. Therefore, we hypothesized 
that delayed K+-current elicited by ATP could have functional properties similar to 
TASK channels. In this context, to test whether the delayed “blockers cocktail” 
insensitive K+ current could be carried by TASK-like channels, we investigated 
the effect of extracellular pH acidification. We also examined the receptor 
subtype responsible for the delayed K+ current activation by testing the effect of 
several P2Y receptors agonists. 
 
 
 
 
 
 64
METHODS 
Mouse aorta preparation and isolation of single smooth muscle cells. All animal 
handling was in accordance with institutional guidelines established by the 'Swiss 
Academy of Medical Sciences' and the 'Helvetic Society of Natural Sciences': 
animal experimentation authorization 31.1.1008/2129/0. 
Male C57BL/6 mice that were four weeks old were anesthetized with 2-
bromo-2-chloro-1,1,1-trifluoroethane. The thoracic aorta was removed, cleaned 
of fat tissue and placed in a low Ca2+ solution containing (in mM): NaCl 137, KCl 
5.4, K2HPO4 0.44, NaH2PO4 0.42, MgCl 6H2O 2, NaHCO3 4.17, CaCl22 2H2O 
0.2, glucose 11, EGTA 0.05 and HEPES 10; pH was adjusted to 7.4 with NaOH. 
The aorta was incubated for 40 min at 37°C in low Ca2+ solution containing 
2 mg ml-1 elastase (type IV). Vascular smooth muscle cells were isolated by 
careful shaking of the tissue in a Ca2+-free solution containing (in mM): KCl 60, 
K2HPO4 30, EGTA 1, MgCl2 6H2O 5 and glucose 20 (pH was adjusted to 7.2 with 
KOH) then placed on coverslips and stored at 4°C. 
Tissue preparation. All animal handling was in accordance with institutional 
guidelines established by the 'Swiss Academy of Medical Sciences' and the 
'Helvetic Society of Natural Sciences': animal experimentation authorization 
31.1.1008/2129/0. 
Male C57BL/6 mice that were four weeks old were anesthetized with 2-bromo-2-
chloro-1,1,1-trifluoroethane. The thoracic aorta was removed, cleaned of fat 
tissue and placed in a solution containing (in mM) NaCl 130, KCl 5.6, MgCl2
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6H2O 1, CaCl2 2H2O 2, HEPES 8 and glucose 10 pH was adjusted to 7.4 with 
NaOH. To remove the endohelium, the aorta was perfused 6 minutes with dry air. 
Isometric Tension Measurement. Four about 2 mm-wide rings were cut 
contiguously from the thoracic aorta. The rings were incubated separately for 
isometric tension recording in a Mulvany microvessel Myograph (Multimyograph, 
model 610 M, Danish Myo Technology A/S, Aarhus, Denmark). The stainless 
steel organ bath had a volume of 5 mL. It was filled with warmed (37°C) and 
oxygenated (95% O2, 5% CO2) solution containing (in mM) NaCl 130, KCl 5.6, 
MgCl 6H2O 1, CaCl22 2H2O 2, HEPES 8 and glucose 10 (pH 7.4). The rings 
were mounted on an L-shaped stainless steel hook slid into each end; one 
extremity was connected to the lever of a force displacement transducer. A 
passive tension of 3-5 mN was initially applied and the rings were allowed to 
stabilize for 1-2 hours. All tested molecules were applied following this 
equilibration period and diluted in the 5 mL incubation bath to avoid washing 
reactions at the application of the molecules. The four rings were recorded 
simultaneously. 
Recorded data were digitized with an analog-digital interface (MacLab, 
World Precision Instrument, Sarasota, FL) and then stored on the hard disk of a 
MacIntosh compatible computer. These findings were analyzed by a 
commercially available software program (MacLab System, World Precision 
Instrument, Sarasota, FL). 
Patch clamp recording. Membrane currents were recorded at room temperature 
(20°C) using nystatin perforated patch configuration with a patch amplifier 
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(EPC9; HEKA Instruments (Germany) and Axopclamp 200B). The patch 
electrodes were pulled from borosilicate capillary glass using a Sutter instrument 
(Model P-2000, U.S.A.). These had a resistance of 5–7 MΩ. Patch pipettes were 
filled with (in mM): KCl 130, HEPES 10 (pH=7.4) for the whole-cell experiments. 
Nystatin was dissolved in DMSO and diluted into the pipette solution to give a 
final concentration range of 50–100 µg ml-1. The aortic smooth muscle cells were 
bathed in a solution containing (in mM) NaCl 130, KCl 5.6, MgCl 6H2O 1, CaCl22
2H2O 2, HEPES 8 and glucose 10 (pH 7.5). ATP and other chemicals were 
added to the bath solution. The linear voltage ramps were applied from a holding 
potential of -60 mV for 500 ms duration and at voltages ranging from -100 to 
100 mV. 300 ms voltage step pulses were applied from the holding potential of -
60 mV with 10 mV increments between -100 and 100 mV. Two consecutive 100 
ms voltage step pulses were applied at -30 and 30 mV from a holding potential of 
-60 mV. A holding potential of -30 mV was used for the steady-state recordings. 
Chemicals. ATP, ADP, UTP, Adenosine 5’-O-(3-Thiotriphosphate) (ATP-γ-s), 2’-
Deoxyadenosine 5’-triphosphate (dATP), iberiotoxin, charybdotoxin, 
tetraethylammonium chloride (TEA), 4-aminopyridine (4AP), glibenclamide, 
apamin, ethylene glycol-bis (2-aminoethylether)-N,N,N',N'-tetraacetic acid 
(EGTA), 3β-Hydroxy-11-oxoolean-12-en-30-oic acid 3-hemisuccinate 
(carbenoxolone) and elastase (type IV from porcine pancreas) were obtained 
from Sigma Chemical (Buchs, Switzerland).  
Statistics. Each set of data was expressed as mean ± s.e.m. and all represented 
experiments were repeated at least four times. We employed the two-sample t-
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test or the nonparametric Wilcoxon two-sample test to compare data sets. Pairs 
of data sets represented measurements of the current amplitude in control 
conditions, after addition of a purinergic receptor agonist, after 40 minutes of 
recording, after application of blockers or after extracellular pH acidification. 
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RESULTS 
Purinergic activation of delayed outward K+ current in freshly dissociated aortic 
myocytes. In this set of experiments, outward net currents were recorded in 
perforated patch clamp configuration continuously at holding potential of -30 mV 
(Fig. 1).  Activation with exogenous ATP of G-protein coupled P2Y purinergic 
receptors in freshly dissociated mouse aortic smooth muscle stimulated two 
types of temporally separated responses, as already shown (29). ATP in the 
second phase increased amplitude of the outward net K+ current that was shown 
to be Ca2+-independent and that appeared with an average delay of 21.5 ± 5.2 
minutes after the first phase, in the present series of experiments.  ATP could 
stimulate delayed K+ current by binding to any type of seven known P2Y 
receptors.  
Delayed K+ current had maximum amplitude when a concentration of 
500µM was applied to the bath solution (29). We used 250µM of ATP to obtain 
well-pronounced amplitude of delayed ATP-elicited K+ current. Four major P2Y 
receptors agonists, namely ATP-γ-s, UTP, dATP and ADP, were tested to 
demonstrate their potency to stimulate delayed outward K+ current. 250µM of 
ATP-γ-s, UTP and dATP applied to the bath solution produced similar to 250µM 
ATP increase of the outward net K+ current (Fig. 1). Delayed K+ current reached 
maximum amplitude at 25.5 ± 3.9 minutes (ATP-γ-s, n=4), 37.4 ± 5.1 minutes 
(UTP, n=7) and 37 ± 5.2 minutes (dATP, n=4) after the agonist application to the 
bath solution. ADP (250 µM) was the unique purinergic agonist which did not 
stimulate delayed outward K+ current (n=5) (Fig. 1).  
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Fig. 1. Effects of purinergic receptors agonists on the delayed K+ current activation in freshly 
isolated mouse aortic myocytes. Steady state K+ currents were recorded at holding potential of -
30 mV.  Purinergic agonists were applied at a concentration of 250 µM. Application of a 
purinergic receptors agonist is indicated by a bar line. A: Example of delayed ATP-elicited K+ 
current activation. B: Example of delayed ATPγs-elicited K+-current activation. C: Example of 
delayed UTP-elicited K+ current activation. D: ADP did not elicit delayed K+ current. 
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Pharmacological characteristic of the delayed outward K+ current. Activation of 
purinergic receptors can produce various effects in vascular smooth muscle cells 
including activation of BKCa and ClCa channels. Several types of ion channels 
could be activated by ATP simultaneously. Known diversity of vascular smooth 
muscle also could contribute to non-uniform response to ATP (8).  
To test sum of KCa, KATP and KDr channels to the delayed ATP-elicited 
response, “cocktail” of blockers containing charybdotoxin (200 nM), TEA (10 
mM), 4AP (10 mM), glibenclamide (50 µM) and apamin (2 µM) was applied to 
bath solution when delayed ATP-elicited K+ current reached maximum amplitude.  
K+ currents were elicited by series of step pulses started from -100 mV 
with the increment of 10 mV from the holding potential of -60 mV (Fig. 2). Three 
current voltage relations of the outward net K+ currents were recorded: before 
nucleotide application (control), after delayed agonist-elicited K+ current reached 
maximum amplitude and after application of the “cocktail” of blockers.  Outward 
net current was recorded at least 10 minutes after blockers application to assure 
inhibition of stimulated K+ currents.   
Delayed K+ current stimulated by ATP-γ-s, UTP or dATP had reversal 
potential of -78.6 ± 5.5 mV, -72.3 ± 4.1 mV and -70.5 ± 7.3 mV. They were similar 
to the reversal potential of -75.9 ± 1.4 of delayed ATP-elicited K+ current. 
“Blockers cocktail” applied to the bath solution decreased amplitude of agonist 
stimulated K+ currents in different manner.  
At -30 mV, ATP-elicited K+ current increased from 25.8 ± 12.6 pA to 393.8 
± 56.9 pA and blockers cocktail decreased it to 247.5 ± 33.8 pA (Fig. 2A). At -30 
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mV, “blockers cocktail” insensitive K+ current had a 9.6 times higher mean 
amplitude compared to current in control conditions. At 0 mV, “blockers cocktail” 
insensitive K+ current had an 8.3 times higher mean amplitude compared to 
current in control conditions. At 50 mV, “blockers cocktail” insensitive K+ current 
had a 4.3 times higher mean amplitude compared to current in control conditions. 
K+-currents elicited by ATP-γ-s revealed two types of current voltage 
relations. The first group represents 54 % of the recorded cells (Figure 2B) and 
the second group represents 46 % of the recorded cells. These two groups had 
different degree of inhibition of delayed ATPγs-elicited K+-current produced by 
“blockers cocktail”.   
In the first group, inhibition of ATPγs-elicited K+ current by the “blockers 
cocktail” started at -30 mV. At -30 mV, ATPγs-elicited K+ current increased from 
32.7 ± 5.5 pA to 509.6 ± 15.8 pA and “blockers cocktail” decreased it to 397.1 ± 
22.3 pA (Fig. 2B). At -30 mV, “blockers cocktail” insensitive ATPγs-elicited K+ 
current had a 12.1 times higher mean amplitude compared to current in control 
conditions. At 0 mV, “blockers cocktail” insensitive ATPγs-elicited K+ current had 
an 8.4 times higher mean amplitude compared to current in control conditions. At 
50 mV, “blockers cocktail” insensitive ATPγs-elicited K+ current had a 6.7 times 
higher mean amplitude compared to current in control conditions. 
In the second group of recorded cells, ATPγs-elicited K+ current was not 
inhibited by the “blockers cocktail” at physiological potentials from -50 mV to 50 
mV. “Blockers cocktail” decreased amplitude of ATPγs-elicited K+ current at 
membrane potentials positive to +60 mV. “Blockers cocktail” insensitive current 
 73
represented 77.9 % of ATPγs-elicited K+ current. Nevertheless, in both groups of 
cells, we observed a large “blockers cocktail” insensitive K+ current. 
“Blockers cocktail” inhibited larger fraction of UTP-elicited K+ current 
compared to ATP and ATPγs all over tested voltages (Fig. 2C). At -30 mV, UTP-
elicited K+ current increased from 38.7 ± 11.3 pA to 505.8 ± 142.3 pA and 
“blockers cocktail” decreased it to 230 ± 44.2 pA (Fig. 2C). At -30 mV, “blockers 
cocktail” insensitive K+ current had a 5.9 times higher mean amplitude compared 
to current in control conditions. At 0 mV, “blockers cocktail” insensitive K+ current 
had a 3.6 times higher mean amplitude compared to current in control conditions. 
At 50 mV, “blockers cocktail” insensitive K+ current had a 2.4 times higher mean 
amplitude compared to current in control conditions. 
dATP was suggested, according to the IUPHAR database, to activate only 
P2Y11 receptor. At -30 mV, dATP-elicited K+ current increased from 38.7 ± 8.1 
pA to 557.9 ± 120.4 pA and “blockers cocktail” decreased it to 360.1 ± 70.9 pA 
(Fig. 2D). At -30 mV, “blockers cocktail” insensitive K+ current had a 9.3 times 
higher mean amplitude compared to current in control conditions. At 0 mV, 
“blockers cocktail” insensitive K+ current had a 6.7 times higher mean amplitude 
compared to current in control conditions. At 50 mV, “blockers cocktail” 
insensitive K+ current had a 4.6 times higher mean amplitude compared to 
current in control conditions. Therefore, it is likely that P2Y 11 is the purinergic 
receptor responsible, when activated by exogenous purines, of the delayed 
“blockers cocktail” insensitive K+ current.  
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Fig. 2. Inhibition of purinergic receptors agonists elicited outward net K+ currents by “blockers 
cocktail”. Purinergic agonists were applied at a concentration of 250 µM. The blockers are 
charybdotoxin (200 nM), TEA (10 mM), 4AP (10 mM), glibenclamide (50 µM) and apamin (2 µM). 
Current voltage relations represent mean ± s.e.m. (obtained from at least 4 cells) amplitude of the 
current plotted against corresponding voltage before purines application (“Control”; filled 
squares), purinergic receptors agonists-elicited K+ currents (filled circles) and after the application 
of “blockers cocktail” (filled triangles) and are shown on the left side of the panels. Representative 
superimposed currents elicited by voltage steps are shown on the right side of the panels. 
Applied agonist is indicated in each panel.  
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Spontaneously developed K+-current recording. Outward net K+ currents could 
increase spontaneously without purinergic receptors activation. Outward net 
currents were recorded at a holding potential of -30 mV for 40 minutes without 
P2Y receptors agonists in the bath solution (n=4). K+ currents increased 
spontaneously over time but there was no activation of the delayed K+ current. K+ 
currents were elicited by voltage step pulses started from -100 mV with a 10 mV 
increment from the holding potential of -60 mV at t = 0 minutes (control) and t = 
40 minutes (spontaneous). Figure 3A shows mean ± s.e.m. current amplitude 
voltage relations of the current in control conditions, the spontaneous current and 
delayed ATP-elicited K+ current. Delayed ATP-elicited K+ current was taken as 
100 %. At -30 mV, the control current represented 3.4 % and the spontaneous 
current represented 18.2 %. Comparison of data sets showed that amplitude of 
the spontaneously developed K+ current after 40 minutes was statistically smaller 
from ATP-elicited K+ current amplitude. 
We tested the effect of the “blockers cocktail” on the spontaneously 
developed K+ current to determine what type of K+ channels carried it. Outward 
net current was recorded at least 10 minutes after blockers application to assure 
inhibition of K+ currents. “Blockers cocktail” decreased the amplitude of the 
spontaneously developed K+ current but did not abolish it completely. K+ currents 
were elicited by voltage step pulses started from -100 mV with a 10 mV 
increment from the holding potential of -60 mV in control conditions, after the 
spontaneously developed K+ current apparition and after “blockers cocktail” 
application (n=4). Figure 3B shows mean ± s.e.m. current amplitude voltage 
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relations of the current in control conditions, “blockers cocktail” insensitive 
spontaneously developed K+ current and “blockers cocktail” insensitive ATP-
elicited K+ current. The “blockers cocktail” insensitive ATP-elicited K+ current was 
taken as 100 %. At -30 mV, the control current represented 5.3 % and the 
“blockers cocktail” insensitive spontaneously developed K+ current represented 
29.8 %. Comparison of data sets showed that amplitude of the “blockers cocktail” 
insensitive spontaneously developed K+ current was statistically smaller from 
“blockers cocktail” insensitive ATP-elicited K+ current.  
Our results showed that spontaneous increase of net outward K+ current 
over time originated mainly from KCa, KATP and KDr. While “blockers cocktail” non-
sensitive K+ current might have developed over time, it did not reach the 
amplitude of the “blockers cocktail” insensitive ATP-elicited K+ current. Therefore 
we can conclude that P2Y receptor stimulation by agonists stimulated the 
“blockers cocktail” insensitive K+ current. 
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Fig. 3. Comparison of spontaneous K+ currents with control currents and delayed ATP-elicited K+ 
currents. A: Current voltage relations represent mean ± s.e.m. (obtained from at least 4 cells) 
amplitude of the current plotted against corresponding voltage. Control current was recorded after 
electrical contact between pipette solution and cytosol. Spontaneous current corresponds to net 
outward current recorded 40 minutes after electrical contact between pipette solution and cytosol. 
ATP corresponds to the delayed ATP-elicited K+ current. B: Current voltage relations represent 
mean ± s.e.m. (obtained from at least 4 cells) amplitude of the current plotted against 
corresponding voltage. Control current was recorded after electrical contact between pipette 
solution and cytosol. Spontaneous + blockers corresponds to the current recorded when 
“blockers cocktail” was applied 40 minutes after electrical contact between pipette solution and 
cytosol. ATP + blockers corresponds to “blockers cocktail” insensitive ATP-elicited K+ current. 
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Extracellular pH acidification inhibits “blockers cocktail” insensitive ATP-elicited 
K+ current. What type of current was responsible for the “blockers cocktail” 
insensitive fraction of the delayed K+ current? Possible candidates are the twin-
pore domain K+ channels (K2P). This type of K+ channels is not sensitive to 
known K+ channels blockers (21). Extracellular acidification is known to inhibit the 
TASK subfamily of twin-pore domain K+ channels (1, 25).  
 Outward net K+ currents were evoked by voltage ramps and consecutive 
pulses to -30 and 30 mV applied from a holding potential of -60 mV (Fig. 4, A and 
C). Mean currents were recorded in five conditions: before ATP application 
(Control), after delayed ATP-elicited K+ current reached maximum amplitude 
(ATP), after the application of “blockers cocktail” which was applied to the bath 
solution after delayed ATP-elicited K+ current reached maximum amplitude 
(Blockers), after drop of extracellular pH from 7.4 to 6.5; at least 10 minutes after 
“blockers cocktail” application (pH 6.5) and after drop of extracellular pH from 7.4 
to 5; at least 10 minutes after “blockers cocktail” application (pH 5). 
Mean ATP-elicited K+ current increased from 37.6 ± 13.4 pA to 394 ± 72 
pA at -30 mV and from 122.7 ± 27.1 pA to 1438.5 ± 169.8 pA at 30 mV. “Blockers 
cocktail” decreased K+ current amplitude to 231 ± 14.8 pA at -30 mV and to 
719.3 ± 65.4 pA at 30 mV. Drop of extracellular pH from 7.4 to 6.5 decreased 
mean K+ current amplitude to 119.7 ± 20.3 pA at -30 mV and to 369.7 ± 79.4 pA 
at 30 mV (Fig. 4, A and B) (n=4). 
 Drop of extracellular from pH=7.4 to lower level of pH=5 produced 
stronger inhibition of “blockers cocktail” insensitive ATP-elicited K+ current 
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compared to the drop to pH=6.5 (n=4). Mean ATP-elicited K+ current increased 
from 29 ± 1.1 pA to 398.8 ± 31.8 pA measured at -30 mV and from 111 ± 10.5 pA 
to 1205.8 ± 84.3 pA measured at 30 mV. “Blockers cocktail” decreased mean K+ 
current to 247.8 ± 13.9 pA at -30 mV and to 759.4 ± 66 pA at 30 mV. 
Extracellular pH drop from 7.4 to 5 decreased mean K+ current amplitude to 64.4 
± 19.6 pA at -30 mV and to 318.9 ± 126.4 pA at 30 mV (Fig. 4, C and D). 
Therefore, the “blockers cocktail” insensitive delayed K+ current is likely carried 
by TASK channels. 
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Fig. 4. Inhibition of “blockers cocktail” insensitive ATP-elicited delayed K+ current by acid pH. A: 
Superimposed current elicited by linear voltage ramps and plotted against corresponding voltage. 
Representative current traces were recorded before ATP application (Control), after delayed 
ATP-elicited K+ current reached maximum amplitude (ATP), after the application of “blockers 
cocktail” which was applied to the bath solution after delayed ATP-elicited K+ current reached 
maximum amplitude (Blockers) and after drop of extracellular pH from 7.4 to 6.5; at least 10 
minutes after “blockers cocktail” application (pH 6.5). B: Mean ± s.e.m. (obtained from 4 cells) 
amplitude of outward K+ currents measured at -30 mV and +30 mV at control (black bar), at 
maximum of ATP-elicited K+ current amplitude (horizontally stripped bar), after partial inhibition of 
ATP-elicited K+ current by “blockers cocktail” (white bar) and after the inhibition by extracellular 
pH of 6.5 (vertically stripped bar). C: Superimposed K+ currents elicited by two consecutive 100 
ms voltage step pulses.  Representative current traces were recorded before ATP application 
(Control), after delayed ATP-elicited K+ current reached maximum amplitude (ATP), after the 
application of “blockers cocktail” which was applied to the bath solution after delayed ATP-elicited 
K+ current reached maximum amplitude (Blockers) and after drop of extracellular pH from 7.4 to 
5; at least 10 minutes after “blockers cocktail” application (pH 5). D: Mean ± s.e.m. (obtained from 
4 cells) amplitude of outward K+ currents measured at -30 mV and 30 mV at control (black bar), at 
maximum of ATP-elicited K+ current amplitude (horizontally stripped bar), after partial inhibition of 
ATP-elicited K+ current by “blockers cocktail” (white bar) and after the inhibition by extracellular 
pH of 5 (vertically stripped bar). 
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ATP-γ-s elicited relaxation in mouse thoracic aorta rings. P2Y receptors agonists 
were reported to have either no effect (ATP) or produce vasoconstrictions (ATP-
γ-s) in endothelium denuded mouse thoracic aorta rings (2). This difference could 
be partially explained by the extracellular exonucleotidase activity in the intact 
tissue that could cleave ATP to ADP (27). ATP-γ-s stable analog of ATP 
stimulated blockers resistive K+ current.  Thereby ATP-γ-s was used as an 
agonist to test purinergic receptors mediated effects on denuded mouse thoracic 
aorta rings. It was hypothesized that intercellular coupling might influence the 
ATP-γ-s-elicited vasodilation, since blockers resistive pH-inhibited K+ current was 
recorded in single isolated cells.  
In order to study only the effect of TASK-like current in isometric tension 
developed by mouse thoracic aorta rings, we inhibited KCa, KATP and KV currents 
by application of “blockers cocktail” charybdotoxin (200 nM), TEA (10 mM), 4AP 
(10 mM), glibenclamide (50 µM) and apamin (2 µM). 
  The “blockers cocktail”, ATP-γ-s and carbenoxolone were applied after a 
stable or maximal effect was observed.  
Sustained level of isometric force reached after the K+ channel blockers 
application in each contracted aortic ring was taken as 100 percent of a control 
value in following experiments. ATP-γ-s was applied to the bath solution in two 
conditions. First, ATP-γ-s was applied to aortic rings pretreated for 20-30 minutes 
with carbenoxolone (50 µM) to inhibit gap junctions (Fig. 5A; n=9 rings, n=5 
mice). Second, ATP-γ-s was applied to aortic rings that were not pretreated with 
carbenoxolone and were taken as a control (Fig. 5B; n=8 rings, n=4 mice).  
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In the first set of experiments, carbenoxolone decreased isometric force to 
75.4 ± 3.1 % (n=10 rings, n=5 mice) or had no effect (n=4 rings, n=3 mice). ATP-
γ-s decreased isometric force to 10.2 ± 3.6 % in aortic rings pretreated with 
carbenoxolone (Fig. 5A) but increased isometric force to 181.3 ± 14.1 % in 
control aortic rings (Fig. 5B). Isometric force produced by ATP-γ-s in the control 
rings remained sustained, while in carbenoxolone pretreated rings it decreased 
continuously. Isometric force started to decrease 19.7 ± 3.1 minutes after ATP-γ-
s application.  
When carbenoxolone (50 µM) was applied to aortic rings contracted by 
ATP-γ-s, it decreased isometric force from 181.3 ± 14.1 % to 15.7 ± 4.2 % (Fig. 
5B). Decrease of the pH from 7.4 to 6.5 increased isometric force of rings to 38.7 
± 9.4 % in carbenoxolone pretreated rings and to 32.1 ± 8.3 % in rings contracted 
by ATP-γ-s (Fig. 5, A and B). In a control experiment, 50 µM carbenoxolone 
decreased isometric force in aortic rings to 75.1 ± 5.1 % (Fig. 5C; n=6 rings, n=3 
mice). However, the relaxation induced by carbenoxolone never reached the 
same level as the relaxation induced by ATP-γ-s, even when mechanical activity 
of aortic rings was recorded for three hours. 
We conclude that denuded aortic rings tension measurement reveals a 
manifestation of TASK-like currents mediated by purinergic receptor on tissue. 
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Fig. 5. Purinergic receptors mediated effects on pre-stretched blockers “cocktail”-precontracted 
denuded thoracic aorta rings. Applications of blockers “cocktail”, ATP-γ-s, carbenoxolone and 
changes of the bath solution pH are indicated by bar lines in all panels that represent traces of 
aorta mechanical activity. A: Recording of mechanical activity of aortic ring contracted by 
blockers “cocktail”. Carbenoxolone (50 µM) induced partial relaxation of the ring. ATP-γ-s (250 
µM) applied after carbenoxolone relaxed aorta. ATP-γ-s-elicited relaxation was inhibited by 
acidification of the bath solution from pH 7.4 to 6.5 B: Recording of mechanical activity of aortic 
ring contracted by blockers “cocktail”. ATP-γ-s (250 µM) contracted aortic ring complementary. 
Carbenoxolone (50 µM) relaxed the ring. Relaxation was inhibited by acidification of the bath 
solution from pH 7.4 to 6.5. C: Recording of mechanical activity of aortic ring contracted by 
blockers “cocktail”. Carbenoxolone (50 µM) relaxed the ring but not at the same level than 
relaxations induced by ATP-γ-s. 
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DISCUSSION 
 
Aortic vascular myocytes were reported to express Ca2+, ATP and voltage 
dependent K+ currents (8). Ca2+-dependent channels were suggested to be fast 
negative feedback of vasoconstriction (9, 22). ATP-dependent channels activated 
by decrease of intracellular ATP were suggested to maintain continuous 
vasodilation under conditions with low cellular energy resources for contraction 
(8). Voltage gated K+ channels follow instantaneously changes of membrane 
potential and regulation of their open probability was suggested to determine 
basal level of membrane potential (23).    
Purinergic receptors are divided into two families, ionotropic P2X and 
metabotropic P2Y receptors (26). We reported previously that ATP stimulates an 
immediate P2X response followed by two sequential responses via P2Y 
receptors in mouse aortic myocytes: a fast response generated immediately after 
receptors activation, and a delayed response that appeared in average 20 
minutes after the fast ATP-elicited response. Fast response was Ca2+ dependent, 
resulted from Ca2+ increase and was associated with activation of Ca2+-
dependent currents. Delayed ATP-elicited response was calcium independent 
and was resistive to separate application of K+ channel blockers (29). “Cocktail” 
of blockers used in this report separated fraction of delayed ATP-elicited K+ 
current in mouse aortic myocytes from KCa, KATP and KDr currents. This “blockers 
cocktail” insensitive delayed ATP-elicited K+ current can be inhibited by low 
extracellular pH. Compared to other reported low pH-sensitive currents, it is also 
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characterized by weak voltage dependency. However, its amplitude is 10-20 
times higher compared to low pH-sensitive current reported in pulmonary 
myocytes and rat aortic myocytes. Low pH-sensitive current was suggested to 
regulate vascular contractility as background leak K+ current in these vascular 
beds (24, 17). There are no data demonstrating activation of low pH-sensitive 
channels via membrane receptors stimulation by intrinsic agonist in vascular 
smooth muscle cells. 
“Blockers cocktail” insensitive ATP-elicited K+ current was also activated 
by ATP-γ-s, UTP and dATP. ADP, another purinergic receptor agonist, failed to 
activate “blockers cocktail” insensitive ATP-elicited K+ current, indicating that 
activation of this current is receptor specific. Higher activation of “blockers 
cocktail” insensitive ATP-elicited K+ current was caused by ATP-γ-s, followed by 
ATP and dATP which caused equal activation, and by UTP which was found to 
be the less efficient agonist. We explain this by different affinity of agonists to 
P2Y receptors. However, based on pharmacological data, we can only suggest 
that P2Y11 receptor stimulates “blockers cocktail” insensitive ATP-elicited K+ 
current since dATP was reported to bind only to P2Y11. ATP binds P2Y1, P2Y2, 
P2Y4, P2Y11, P2Y13 and P2Y12 (receptors are presented in order from 
maximum to minimum affinity) receptors. ATP-γ-s binds to P2Y1, P2Y 11, P2Y12 
and P2Y13. UTP binds to P2Y 2, P2Y4, P2Y11 and P2Y 6. Thus simultaneous 
activation of two or three P2Y receptors that might amplify stimulatory effect on 
“blockers cocktail” insensitive ATP-elicited K+ current is not completely excluded, 
as the fact that “blockers cocktail” insensitive ATP-elicited K+ current could 
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increase spontaneously over time or be present at basal level in mouse aortic 
myocytes. Nevertheless, our results at least indicate that activation of P2Y11 
receptor increases the “blockers cocktail” insensitive delayed K+ current. 
Activated purinergic receptors mediated vasoconstriction of thoracic aorta 
strips that lasted for more than one hour. Why “blockers cocktail” insensitive 
ATP-elicited K+ current did not dilate contracted aorta after 30 minutes? It would 
be expected that its activation would lead to transient contraction followed by at 
least partial vasodilation in conditions when KCa, KATP and KDr channels are 
blocked. In addition, cellular coupling via gap junctions could interfere and 
prevent “blockers cocktail” insensitive channels mediated vasodilation. This 
hypothesis is supported by the observation that cellular coupling synchronizes 
Ca2+ oscillations in individual myocytes and leads to constriction (6, 18). 
Potassium ions could also diffuse though gap junctions driven by concentration 
gradients and compensate K+ efflux through activated “blockers cocktail” 
insensitive channels. Mechanism of K+ ions redistribution is well described in 
astrocytes networks (33). Experiments with non specific gap junction’s blocker 
carbenoxolone confirmed that, in uncoupled aortic strips, activation of purinergic 
receptors by ATP-γ-s mediates a relaxation inhibited by low pH. This relaxation 
was observed in non physiological conditions but nevertheless allowed to reveal 
the delayed “blockers cocktail” insensitive K+ current elicited by P2Y receptors 
stimulation. Therefore the physiological role of this current has yet to be 
determined and there is currently no evidence that it could regulate vascular 
tone. However, several articles have shown the importance of ATP and ion 
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channels in cell proliferation or differentiation. ATP can inhibit growth of 
esophageal carcinoma cells (30) or, at the opposite, induces proliferation of 
cultural retinal cells and vascular smooth muscles (28, 32). In addition, ion 
channels could be implicated in vascular cell proliferation (12, 15). It is possible 
that such cellular functions could be regulated by the “blockers cocktail” 
insensitive delayed K+ current. Preliminary results (data not shown) show that the 
proliferation of aortic isolated smooth muscle cells in primary culture is inhibited 
by 77.5 ± 4 % (n=4) after 7 days. This does not demonstrate that the delayed 
“blockers cocktail” insensitive K+ current elicited by P2Y receptors is responsible 
for this inhibition. Indeed, this hypothesis is difficult to test because of the lack of 
specific inhibitors of this current. It maybe deserved to be further investigated in 
situations were a high concentration of ATP is released by myocytes like, for 
example, in case of vascular injuries. 
Data reported here show that outward net K+ current activated likely via 
stimulation of P2Y11 receptor in freshly isolated mouse aortic myocytes is 
insensitive to K+ channels blockers and can be inhibited by low extracellular pH. 
These two characteristics are similar to the properties of the TASK sub-family of 
twin-pore domain K+ channels. Therefore, this study suggests that TASK-like 
channels can be activated via P2Y receptors stimulation by purines. At our 
knowledge, it is the first report showing that TASK-like current is not only a leak 
current, but that it could be activated by a neurotransmitter. 
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Conclusions 
In this thesis, we described two novel regulatory pathways in mouse 
thoracic aorta related the K+ currents.  
Firstly, STOCs generally attributed to resistive arteries were not described 
previously in elastic arteries. In our model STOCs activation by increased 
intracellular cAMP production indicates that aorta might actively regulate its 
compliance via the triggering of STOCs generation. Presence of both triggering 
and inhibition mechanisms of STOCs generation favours this hypothesis. The 
exact mechanisms of STOCs generation and inhibition, as well as the 
physiological conditions needing them are yet to be clarified. Ca2+ sparks result 
from a local and stochastic transient release of Ca2+ from sarcoplasmic reticulum. 
This local increase of cytosolic Ca2+ activates BKCa, producing STOCs which 
induce a hyperpolarization of the cell membrane. This hyperpolarization 
decreases the intracellular Ca2+ concentration by closing VDCC, leading to a 
vasodilation. In addition, cAMP, via PKA activation, increases the open 
probability of BKCa and, consequently, their sensitivity to Ca2+ sparks (Figure F). 
Only 10 % of myocytes spontaneously express STOCs. The remaining 
myocytes were named “silent”. STOCs generation can be activated in 40 % of 
these “silent” myocytes. This observation could be explained by the presence of 
several types of smooth muscle cells in the aorta. Myocytes might differ in the 
quantity of expressed ryanodine receptors or they could have different degree of 
co-localization between ryanodine receptors and BKCa channel.  
It remains to be clarified when and under which physiological conditions 
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the activation of silent myocytes by “turning ON” STOCs generation becomes 
essential for the regulation of thoracic aorta dilation. Since stretch-elicited 
intracellular Ca2+ discharges have been demonstrated in mouse thoracic aorta 
(Fanchaouy et al., 2007), “turning ON” STOCs generation might induce 
vasodilation needed to oppose stretch-induced vasoconstrictions. ATP can also 
trigger STOCs activation. It means that STOCs generation in thoracic aorta might 
be needed in situations where the blood vessel is injured and ATP released by 
damaged cells.  
 
Secondly, this study describes a novel type of delayed K+ current. Our 
results showed that this current is carried by known blockers sensitive K+ 
channels but also possibly by TASK channels. It is not guaranteed that activation 
of TASK channels in mouse thoracic aorta might have a vasoregulatory role, 
since the relaxation induced by purinergic receptors activation in mouse thoracic 
aorta rings could only be observed in presence of gap junctions inhibitor 
carbenoxolone. Thereby, it is possible that the TASK-like current might be 
implied in cases where the aorta is damaged and ATP, maybe with other 
nucleotides, released from damaged cells. Thus, this current might modulate 
vascular cells proliferation or differentiation. The transduction pathway linking 
P2Y receptors stimulation to the activation of this current also needs to be 
investigated, since our results suggest that G-protein and PLC are implied in this 
intracellular pathway. It is generally suggested that TASK channels are not 
regulated, thereby producing a leak K+ current. However, an important finding of 
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this study is the fact that these channels can be stimulated by a neurotransmitter, 
resulting in the delayed “blockers cocktail” insensitive K+ current activation.  
 
Figure G summarizes the intracellular pathways activated by the 
stimulation of P2X and P2Y receptors. P2X receptors are ionotropic and their 
opening induces an inward cationic current. P2Y receptors, through the PLC-IP3-
Ca2+ pathway, increases [Ca2+]i, opening Ca2+-dependant K+ and Cl- channels. 
Then, when [Ca2+]i returns to basal level, the PLC-DAG-PKC pathway likely 
results in the manifestation of the “blockers cocktail” insensitive K+ current. 
 
Despite many questions remaining to be clarified about the findings 
exposed in this study, our results showed mechanisms that were not described 
previously. Firstly, we showed that the mouse thoracic aorta can be actively 
regulated by “turning on cellular machinery” which generates STOCs. This allows 
suggesting that aorta might react not only passively by changing its elastic 
properties, but also actively. Secondly, characterization of the delayed K+ current 
demonstrated that twin-pore domain channels do not simply produce leak K+ 
current but also represent significant K+ conductance stimulated by purinergic 
receptors activation.   
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Figure F. Intracellular pathways linking P2Y receptors activation by ATP and 
STOCs generation. Red arrows follow the pathway triggered by PLC activation. 
Blue arrows follow a pathway triggered by adenylyl cyclase activation. 
P2Y R: P2Y receptor; AC: adenylyl cyclase; SR: sarcoplasmic reticulum; CS: 
calcium sparks 
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Figure G. Intracellular pathways linking purinergic receptors activation by ATP 
and the 3 ATP-elicited sequential responses. First and second responses were 
characterized previously. This work focused on the characterization of the third 
response. 
P2X R: P2X receptor; P2Y R: P2Y receptor; SR: sarcoplasmic reticulum. 
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Résumé en français 
 
 Le but de ce travail a été de caractériser les courants potassiques activés 
par la stimulation des récepteurs purinergiques chez des myocytes d’aorte 
thoracique de souris dispersés en aigu. Les travaux menés dans notre 
laboratoire ont permis de mettre en évidence 3 courants distincts induits par 
l’ATP sur les myocytes d’aorte thoracique de souris : 1) un courant entrant P2X 
porté par du Na+ et du Ca2+, 2) des courants oscillants potassium et chlore qui 
dépendent du Ca2+ cytosolique, 3) un courant potassique sortant se développant 
très lentement. Ce travail de thèse a permis de démontrer que ce dernier courant 
potassique n’était que partiellement inhibé par l’application simultanée de 
nombreux bloqueurs de canaux potassiques, indiquant qu’une partie de ce 
courant provient de canaux potassiques insensibles aux bloqueurs. Le fait que 
ce courant soit inhibé par une diminution de la valeur du pH extracellulaire 
suggère que le courant provient d’un sous-type de canaux potassiques nommés 
TASK. En effet, l’insensibilité aux bloqueurs des canaux potassiques ainsi que la 
sensibilité à des valeurs de pH acide sont caractéristiques des canaux TASK. 
L’utilisation de nombreux agonistes des différents récepteurs purinergiques 
suggère que le récepteur P2Y11 est celui impliqué dans l’activation de ces 
canaux TASK.  
 
L’étude des possibles voies de transduction liant la stimulation des récepteurs 
purinergiques à l’activation des canaux TASK indique que le cAMP n’est pas 
impliqué. En revanche, nous avons montré que ce messager secondaire, via la 
PKA, stimule les canaux potassiques à haute conductance dépendant du 
calcium, produisant des STOCs (« Spontaneus Transient Outward Currents). La 
présence de courants de ce type n’avait encore jamais été indiquée dans les 
myocytes d’aorte thoracique. Notre étude des voies de transduction, à l’aide de 
leurs activateurs et inhibiteurs, suggère que la voie PLC-DAG-PKC pourrait être 
la cascade de signalisation menant à l’activation des canaux TASK. 
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Ce travail a donc permis de mieux caractériser deux mécanismes encore jamais 
décrits chez les myocytes d’aorte thoracique de souris et induits par la 
stimulation de récepteurs purinergiques : l’activation de STOCs et la stimulation 
de canaux TASK. 
 
